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Temperature effect on the elastic constants and anisotropy of MgO and CaO are performed via ﬁrst-
principles approach combing the quasistatic approximation to elasticity and the quasiharmonic
phonon approximation to thermal expansion. Generalized stacking fault energy curves at different
temperature are also computed due to the importance for dislocation properties. The core structures of
1/2〈110〉{110} dislocations in MgO and CaO at different temperature are investigated within the
improved PeierlseNabarro dislocation theory using Foreman's method. It is found that the core width of
dislocation increases with the increasing of temperature.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Alkaline earth oxides MeO (Me ¼ Mg and Ca) are important
constituents of earth's lower mantle. These oxides have long been
considered as a typical case for understanding bonding in ionic
oxides and are also widely used as precursors for processing a large
variety of materials [1]. Under normal conditions these compounds
crystallize in the NaCl structure. There have been many experi-
mental and theoretical studies of the elastic constants as a function
of temperature for MeO. Sumino et al. [2] and Isaak et al. [3]
measured the temperature dependence of the adiabatic elastic
moduli of single-crystal MgO at temperatures between 80 and
1300 K and over the temperature range 300e1800 K by using the
rectangular parallelepiped resonance (RPR) method, respectively.
Oda et al. [4] measured the elastic moudli of CaO in the temperature
range from 300 to 1200 K by the resonant sphere technique (RST).
Zha et al. [5] measured elastic properties of MgO at 300 K with the
integration of Brillouin scattering and x-ray diffraction techniques.
Karki et al. [6,7] investigated high temperature elastic constantsndation of China (11104361)
Universities (CDJZR14328801
itute for Structure and Func-
qingliu@cqu.edu.cn (Q. Liu).
B.V. This is an open access article ufrom the sophisticated ab initio pseudopotential calculations with
plane-wave basis (PWPP). Tsuchiya et al. [8] calculated the pressure
dependent elastic properties of MeO using the ab initio full-
potential linear mufﬁn-tin-orbital (FP-LMTO) generalized gradient
approximated (GGA) method. These results are very crucial for
understanding the properties of MeO.
Many experimental and theoretical studies only focus on the
temperature and pressure dependence of the elastic constants of
MeO. However, it is well known that defects such that dislocations
play a key role in determining the mechanical properties of mate-
rials [9]. Generally, dislocation can be understood as a topological
defect existing in an ordered phase. The core structures of dislo-
cation are pivotal because they determine the mobility of the
dislocation. When measuring the variation of dislocation core
structure with temperature directly from experimental observa-
tions, it is exceedingly difﬁcult to subtract out the effect of the
surrounding dislocation environment (impurities, pile-ups, forest
dislocations, etc.), although notable exceptions exist [10]. Conse-
quently, a wealth of atomistic simulation studies have been per-
formed in an attempt to shed light on dislocation core properties at
different temperature [11e14]. It is generally believed that besides
the atomistic simulation the numerical modeling plays an impor-
tant role in revealing the dislocation structure and analyzing the
property of dislocation. Miranda and Scandolo [15] proposed the
ﬁrst model of edge dislocations in MgO based on the classical
PeierlseNabarro (PeN) theory combing generalized stacking faultnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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calculations [18]. Carrez et al. investigated the dislocation cores and
Peierls stress of dislocations in MgO under different pressure using
the PeN model and some interesting results were obtained [19].
Recently, the plasticity deformation and rheology of MgO at
different pressure and strain rates have been investigated by
Amodeo et al. using PeNeGalerkin method [20,21]. The kink pair
theory is also applied tomodel the thermal activation of dislocation
glide over the Peierls barrier and build a velocity law [20,21].
The major drawback of the PeN theory is that the crystal is
treated approximately as an elastic continuum body and so the
discrete effect is underestimated in the continuum approximation
especially at the dislocation core where displacement varies
abruptly [16,17]. Recently, the full discrete dislocation equation
referred to as the improved PeN equation has been obtained from
the discrete lattice dynamics [22e25]. The PeN model can yield in
the condition of the continuum limit. The core structures of the 1/2
〈110〉{110} dislocations have been investigated within the
improved PeN equation at different pressure in MgO and CaO [26].
Results obtained are in satisfactory agreement with the previous
experiments and the calculations. However, all these calculations
are conﬁned at 0 K. In other words, the study of the high temper-
ature core structure and Peierls stress of dislocations in MeO is
limited both experimentally and theoretically [20,21]. The 1/2〈110〉
{110} is the primary slip system in MeO. Here, we investigate the
core structures of 1/2〈110〉{110} dislocations in the temperature
range from 0 to 1000 K (zero pressure) within the improved PeN
theory. Furthermore, the energy coefﬁcients and the coefﬁcients of
the lattice discrete correction at different temperature are all
calculated in the anisotropic elasticity theory.
2. Methods of calculation
2.1. Details of ﬁrst-principles and phonon calculations
The present calculations are performed using the Vienna ab
initio Simulation Package (VASP) code [27,28] based on density
functional theory. The electron-ion interactions are described by
the full potential frozen-core projector augmented wave (PAW)
method [29]. The exchange-correlation functional is represented by
the generalized gradient approximation (GGA) of Per-
deweBurkeeErnzerhof (PBE) [30]. Convergency of the total en-
ergies with respect to the basis size and number of k points for the
Brillouin zone integration has been checked. The Brillouin zone
integrations are performed using k-points grids 21  21 21 for
lattice constants and elastic constants calculations in terms of the
MonkhorstePack scheme [31]. The kinetic energy cutoff on the
wave function is taken as 500 eV for all calculations. To avoid any
wrap-around errors a sufﬁciently large Fourier grid is employed,
including all wave-vectors up to twice the cutoff wavenumber. The
energy convergence criterion for electronic self-consistency is
1.0 106 eV per atom. The convergence tests with respect to these
parameters show that the error bar for the total energy is less than
1 meV/atom. In order to deal with the reciprocal-space energy
integration problems, a smearing technique is employed using the
MethfesselePaxton scheme [32]. Regarding to the static strain-
energy, the tetrahedron method incorporating the Bl€ochl correc-
tion [33] is used.
Phonon calculations are carried out by the supercell approach
within the framework of force-constants method. To evaluate a
reasonable supercell size, we compare the vibrational free en-
ergies of 5  5  5 supercell with those of 6  6  6 supercell at
different temperatures, and ﬁnd all the energy ﬂuctuations are less
than 0.01%. Hence, we use the 5  5  5 supercell with 250 atoms
to calculate phonon dispersions of our researched oxides. Theforces acting on atoms with atomic ﬁnite displacements in the
supercell are calculated by VASP with 7  7  7 k-point mesh. The
phonon modes are obtained by using the PHONOPY [34e36]
which can support VASP interface to calculate force constants
matrix in the framework of density-functional perturbation theory
(DFPT) [37].
Fig. 1 illustrates the calculated phonon dispersions of MeO along
the high-symmetry directions in the Brillouin zone at the theo-
retical static equilibrium volumes at 0 K without considering the
zero-point vibrational energy. Neutron scattering measurements
[38,39] are shown for comparison. It demonstrates that the present
approach gives excellent agreement with experiment for the
phonon dispersions of MeO. These phonon dispersions have similar
shapes, but the gap is expanded for the heavier oxides.
2.2. First-principles quasiharmonic approach
First-principles calculations yield related to the electronic
structure and Helmholtz free energy F of a given structure at
temperature T and volume V. In terms of quasiharmonic approach
the Helmholtz free energy F of alkaline earth oxides can be sepa-
rated as [40]
FðV ; TÞ ¼ E0ðVÞ þ FelðV ; TÞ þ FvibðV ; TÞ (1)
where E0 is the static energy (without zero-point vibrational en-
ergy) at 0 K, Fel is the thermal free energy arising from electronic
excitations, and Fvib is the phonon free energy arising from the
lattice vibrations. We can obtain both E0 and Fel from ﬁrst-
principles calculations directly, assuming that temperature inde-
pendent eigenvalues for given lattice and nuclear positions, and
only the occupation numbers change with temperature through
the Fermi-Dirac distribution [41,42]. The vibrational free energy Fvib
can be obtained by the phonon approach [43], or the Debye model
[44], or the semi-empirical transferable force constant model [45].
Here, Fvib for the alkaline earth oxides is depicted by phonon
calculation.
In usual way, the phonon free energy Fvib has both quasi-
harmonic and anharmonic components. Here we work entirely
within the quasiharmonic approximation because the phonons
interaction and electron-phonon coupling are so weak and can be
neglected [46]. The quasiharmonic phonon free energy can be
written
FvibðV ; TÞ ¼
X
ql

1
2
Zuql þ kBTln

1 eZuql=kBT

(2)
Here, the sum is over all three phonon branches l and over all wave
vectors q in the ﬁrst Brillouin zone, Z is the reduced Planck constant
and uql represents the frequency of the phononwith wave vector q
and polarization l. The phonon frequency uql is constructed from
forces, resulting from displacements of certain atoms in supercell
containing 5  5  5 unit cells, calculated by VASP code. The size of
supercell has a great inﬂuence on the phonon free energy. In our
calculation, the phonon frequency is calculated from the force-
constants method, so the size of supercell directly impacts the or-
der of force-constants and the precision of phonon frequency.
We have calculated the three terms of the right side of the Eq.
(1) at 16 volume points near the equilibrium volume with a step of
0.03 Å in the lattice parameter. The equilibrium volume at tem-
perature T is determined by minimizing the Helmholtz free energy
F with respect to V from ﬁtting the integral form of the Vinet
equation of state (EOS) [47], while isothermal bulk modulus BT as a
function of temperature T is also obtained. Fig. 2 illustrates the
Helmholtz free energy F as a function of V between 0 and 1000 K
Fig. 1. Phonon dispersion curves of MgO and CaO. The solid lines represent the present calculations and the open red circles are taken from neutron scattering data [38,39].
Fig. 2. The values of free energy as a function of unit cell volume of MgO and CaO at every 100 K between 0 and 1000 K. The minimum values of the ﬁtted curves depicted by the red
triangles are the equilibrium volumes at corresponding temperatures.
X. Wu et al. / Computational Condensed Matter 1 (2014) 38e4440with a step of 100 K for alkaline earth oxides MeO, and the value
depicted by the red triangle at every ﬁtted curve is the equilibrium
volume at corresponding temperature. For convenience, the tem-
perature dependent lattice constants for MeO are listed in Table 1.
Our calculated 0 K lattice constants are 4.256 Å and 4.857 Å forMgO
and CaO, respectively, which agree with the experimental data
4.213 Å [48] and 4.81 Å [49]. Obviously, the lattice constant in the
same oxide increases with temperature. Besides, sorting MgO and
CaO according to their lattice constants, we obtain the ranking at
different temperature: MgO < CaO. We can conclude that when the
negative ion is same, the lattice constants of alkaline earth oxides
increase with increase of the radius of the positive ion at different
temperature.Table 1
Lattice constants a (Å), Burgers vector b (Å), elastic constants CS11, C
S
12, C
S
44 (in GPa),
and anisotropy factors A, AU of MgO and CaO at different temperature.
T (K) a b CS11 C
S
12 C
S
44 A A
U
MgO 0 4.256 3.010 272.17 94.26 144.33 1.62 0.287
500 4.276 3.024 253.48 91.29 139.30 1.72 0.360
1000 4.316 3.052 221.57 85.78 132.80 1.96 0.561
CaO 0 4.857 3.435 214.92 57.94 77.22 0.98 0.001
500 4.882 3.452 198.68 53.76 75.14 1.04 0.002
1000 4.927 3.484 171.62 47.64 71.65 1.16 0.0253. Isoentropic elastic constants
The quasistatic approach developed by Wang et al. [50,51] is
used to calculate the temperature dependent elastic constants Cij(T)
of MeO. This approach is proposed based on the fact that the
temperature dependence of elastic constants is mainly controlled
by thermal expansion, while the thermal effects at constant volume
are small [52e54]. In this paper, we calculate the temperature
dependence of elastic constants by application of a systematic
three-step procedure. The ﬁrst step is calculating the temperature
dependent equilibrium volume V(T) and bulk modulus BT by using
the ﬁrst-principles quasiharmonic approach. In the second step, we
obtain the static volume dependent isothermal elastic constants
CTij ðVÞ using an energy-strain approach. In the third step, the
calculated isothermal elastic constants at the volume V(T) from the
second step are approximated as those at ﬁnite temperature. As we
all known, the elastic constants obtained from the experiments are
also adiabatic elastic constants. According to the relations by Orli-
kowski [46], the isothermal elastic constants CTij can be transformed
to the adiabatic elastic constants CSij. The calculated adiabatic elastic
constants at some temperature in MeO are listed in Table 1. The
detailed procedure of calculating the adiabatic elastic constants is
shown in the previous work [55].
Fig. 3 shows the calculated adiabatic elastic constants as a
function of temperature for our researched alkaline earth oxides
together with experimental values [2e4,56,57]. Obviously, the
calculated values of adiabatic elastic constants of MgO and CaO are
Fig. 3. The calculated and the corresponding experimental elastic constants as a function of temperature of MgO and CaO. The solid, dash-dot, and dashed curves denote the present
values of CS11, C
S
12 and C
S
44, respectively. The discrete points denote the corresponding experimental data [2e4,56,57].
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CSij decrease with increasing temperature and approach linearity at
higher temperature and zero slope at zero temperature, since
thermal expansion may soften the elastic moduli at high temper-
atures. Besides, it is transparent that CS11 decreases to slightly larger
than CS12 and C
S
44. This character demonstrates that MeO can keep
their mechanical properties at high temperature and have good
high temperature stability.
The cubic crystals have elastic anisotropy as a result of the fourth
rank tensor property of elasticity. The quantiﬁcation of the elastic
anisotropic in terms of the elastic anisotropy parameterFig. 4. A schematic representation of the geometry used in the generalized-stacking-
fault energy calculations for the 1/2〈110〉{110} slip system of MgO and CaO. The basic
supercell is shown in side and top views. The slab consists of twelve layers in the 〈110〉
direction and has repeated vectors on the {110} plane, denoted by a1, a2. The angular
separation of a1 and a2 is 90+, and ja1j ¼ a,
		a2		 ¼ ﬃﬃﬃap =2. The third vector a3 is along the
〈110〉 direction in the undistorted cell. Furthermore, we use a 15 Å thick vacuum gap
between periodically repeated slabs.A ¼ 2C
S
44
CS11  CS12
: (3)
Both A > 1 and A < 1 can describe the anisotropy of materials
(A¼ 1 for isotropic cubic crystals). The above anisotropy measure is
only effective for cubic crystals which can not account the bulk
contribution of elastic stiffness. Recently, Shivakumar et al. [58]
introduced the universal anisotropy index AU to measure anisot-
ropy of cubic crystals and other crystal classes (such as hexagonal,
trigonal and monoclinic). For our researched alkaline earth oxides
MeO, AU can be expressed as
AU ¼ 6
5
 ﬃﬃﬃ
A
p
 1ﬃﬃﬃ
A
p
2
(4)
AU is zero for isotropic crystals. The derivation of AU from zero
deﬁnes the anisotropy of elastic properties of a single crystal. All the
values of A and AU of MeO are listed in Table 1. A ¼ 0.98 and
AU¼ 0.001 for CaO at 0 K, this demonstrates CaO is almost isotropic
at 0 K. We observe from Table 1 that the anisotropy of MeO in-
creases with temperature. It is in accordance with the previous
theoretical and experimental results [4,6].
4. First-principles calculations of GSF energy
The GSF energy introduced by Vitek [59,60] is crucial to study
the dislocation core structure. There have been numerous experi-
mental studies focusing on the temperature effect of stacking fault
energy in the late sixties and seventies [61e66]. Remy et al. [65]
measured the temperature dependence of stacking fault energy
in close-packed metals and alloys by careful measurements of the
size variation of stacking fault conﬁgurations in thin foils on a
heating or a cooling stage in the electron microscope. Saka et al.Table 2
The ﬁtted parameters g1, g2, g3, g4 for 1/2〈110〉{110} GSF energy curves of MgO and
CaO at different temperature and gus is the unstable stacking fault energy. All values
are in units of J/m2.
T (K) gus g1 g2 g3 g4
MgO 0 1.13 2.99 4.72 4.59 1.74
500 1.03 2.83 4.61 4.53 1.73
1000 0.85 2.55 4.46 4.47 1.72
CaO 0 0.98 2.44 3.68 3.55 1.34
500 0.90 2.32 3.63 3.55 1.35
1000 0.76 2.14 3.61 3.62 1.39
Fig. 5. The calculated 1/2〈110〉{110} generalized-stacking-fault energy curves of MgO and CaO at different temperature. The maximum value of every curve is the unstable stacking
fault energy gus. The solid and dashed lines denote the ﬁtted curves from Fourier series, and the discrete points calculated from ﬁrst-principles calculations.
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fault energy in CueAl alloys by means of in situ thermal cycling
experiments in a high-voltage electron microscope. However,
theoretical investigations about the effect of temperature on GSF
energy are still very scarce. Recently, Shang et al. [67] calculated the
temperature dependent intrinsic stacking fault energy of dilute Ni-
base alloys resulting from induced alias shear deformation.
Little attention has been paid to the temperature dependent GSF
energy of MeO. In this paper, based on the lattice constant vs
temperature relations a (T), the 1/2〈110〉{110} GSF energies at
different temperatures can be computed using supercells for MeO.
In quasistatic approach, the temperature-dependent ground state
properties are calculated by the quasiharmonic approximation,
which is usually appropriate if the temperature is lower than the
melting point. In our calculation, we only calculate the GSFs and
elastic moduli for MgO and CaO up to 1000 K that is much lower
than the melting point for MgO and CaO (3000 K). Quasiharmonic
approach let one take into account the anharmonicity of the po-
tential at ﬁrst order: vibrational properties can be understood in
terms of the excitation of the noninteracting phonon. In our work,
the change of GSFs and elastic properties at elevated temperatures
is mainly caused by volume change due to thermal expansion.
Therefore, the effects of phonons on the dislocation core are
partially included. When the calculated temperature is much lower
than the melting point, the quasistatic approach is reasonable.
Since the chosen supercell size strongly inﬂuences on the GSF
energies calculations, we compare the stacking energies of theFig. 6. The restoring force curves of 1/2〈110〉{110} dislocations in MgO and CaO at differ
generalized stacking fault energy.supercell consisting of 12 atomic layers with those of supercell
consisting of 14 atomic layers, and ﬁnd all the energy differences
between the two supercell sizes are less than 0.05 mJ/m2. So the
supercell size consisting of 12 atomic layers is chosen to calculate
the GSF energies. A vacuum buffer is added in the direction normal
to the {110} slip plane to avoid interactions between repeated
stacking faults resulting from the use of periodic boundary. In Fig. 4,
we show the basic supercell used to calculate the GSF energies for
the slip along the 〈110〉 direction on the {110} slip plane. The GSF
energies represents the energy cost per unit area incurred by the
relative displacement of the above and below parts of the supercell
through a fault vector u. In this paper, we just focus on GSF energy
curves of 1/2〈110〉{110} slip system in MeO, and that can be
expressed as gðuÞ ¼ g1sin2ðpu=bÞ þ g2sin4ðpu=bÞ þ g3sin6
ðpu=bÞ þ g4sin8ðpu=bÞ, with b ¼
ﬃﬃﬃ
2
p
a=2 the Burgers vector for 1/2
〈110〉{110} dislocations in MeO and u the displacement along the
〈110〉 direction. The values of b in MeO at different temperature are
listed in Table 1. The coefﬁcients g1, g2, g3, g4 of GSF energy curves
can be determined by ﬁtting to results obtained from ﬁrst-
principles calculations. The ﬁtted parameters of MeO at different
temperature are listed in Table 2. The GSF curves of 1/2〈110〉{110}
slip system in MeO at different temperature are shown in Fig. 5.
Obviously, our ﬁtted curves are in good agreement with the ﬁrst-
principles calculations. The energy maximum at 1/2〈110〉 of each
curve is the unstable stacking fault energy gus, which represents the
lowest energy barrier for dislocation nucleation [31]. The numerical
values of the unstable stacking fault energy gus for MeO at differentent temperature. The solid and dashed lines are obtained from the gradient of the
Table 3
Shear modulus m (in GPa), Poisson's ratio n, energy factors Ke and Ks (in GPa) and
lattice discrete correction parameters be and bs (in J/m2) of 1/2〈110〉{110} disloca-
tions in MgO and CaO at different temperature.
T (K) m n Ke Ks be bs
MgO 0 122.18 0.186 139.06 113.31 21.93 13.79
500 116.02 0.185 130.37 106.28 20.87 13.16
1000 106.84 0.179 115.84 94.96 19.07 12.23
CaO 0 77.73 0.215 99.13 77.85 17.54 10.01
500 74.07 0.208 93.13 73.79 16.41 9.56
1000 67.79 0.196 82.85 66.65 14.57 8.85
Table 4
Temperature dependence of calculated core structure h and core width z (in units of
b) for 1/2〈110〉{110} edge, mixed and screw dislocations in MgO and CaO.
T (K) Edge Mixed Screw
h z h z h z
MgO 0 6.95 2.82 6.91 2.45 6.88 2.28
500 7.08 2.87 7.03 2.49 7.00 2.31
1000 7.28 2.93 7.24 2.56 7.22 2.37
CaO 0 6.62 2.79 6.57 2.20 6.49 2.15
500 6.70 2.80 6.66 2.22 6.59 2.18
1000 6.84 2.82 6.80 2.26 6.74 2.23
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m2, which is in good agreement with the previous values 1.14 J/m2
obtained by using an interatomic potential [15] and 1.05 J/m2
evaluated from the ab initio calculation [19]. It is noticeable that the
present 0 K value 1.13 J/m2 of gus for MgO has some difference with
our previous result 1.23 J/m2 [26], the reason is that the zero-point
vibrational energy is considered in this work. From Table 2, we can
ﬁnd that the unstable stacking fault energy gus of MeO at the same
temperature has the relation gus(MgO) > gus(CaO). In other words,
the unstable stacking fault energy decreases with the radius of
positive ion at different temperature. It also has the opposite
change trendwith the lattice constants. Thermal expansion leads to
a larger distance between the slip planes. Thus the unstable
stacking fault energy decreases with temperature in the sameMeO.
It is believed to be smaller electrostatic energy contribution to the
unstable stacking fault energy at high temperature.5. Dislocation cores in MgO and CaO
The improved PeN equation containing the lattice discrete ef-
fect of the 1/2〈110〉{110}mixed dislocation takes the following form
[25,68]
bb
2
d2u
dx2
 Kb
2p
Zþ∞
∞
dx0
x0  x

du
dx
		
x¼x0 ¼ fbðuÞ (5)
where u is the relative displacement of the bilateral misﬁt planes
that along the glide direction 〈110〉 of the mixed dislocation. fb(u) is
the restoring force of atoms along the Burgers vector of mixed
dislocation that can be calculated from GSF energy through
fb(u) ¼ vg(u)/vu [69,70]. The restoring force law curves in MeO at
different temperature are plotted in Fig. 6. bb is the parameter of the
second-order derivations representing the lattice discrete effects ofFig. 7. The core structure parameters h determined by Foreman's method of 1crystals. Kb is the energy factor of the mixed dislocation. bb and Kb
can be represented as bb ¼ be sin2 f þ bs cos2 f and Kb ¼ Ke sin2
f þ Ks cos2 f with f the dislocation angle that between dislocation
line and Burgers vector. The speciﬁc expressions of be, bs, Ke and Ks
are shown in our recent work [26]. The temperature dependent
elastic constants CS11, C
S
12, C
S
44 of MeO have been calculated by using
the quasistatic approach. So the anisotropic shear modulus m,
Poisson's ratio n, discrete parameters be, bs and energy coefﬁcients
Ke, Ks of MeO can be calculated. For convenience, we have listed all
the values in Table 3.
In this paper, Foreman's method is applied to treat the core
structure of MeO at different temperature. The typical Foreman's
solution for the mixed dislocation Eq. (5) is given as follows [71]
uðxÞ ¼ b
p


1 ðh 1Þ v
vh

arctan
p
h
(6)
where p ¼ kx, k ¼ 2=dððsin2 f=1 nÞ þ cos2 fÞ1, h is the core
structure parameter. The core width of dislocation z is deﬁned as
the atomic distance over which the displacement u changes from
0 to b/2. z is closely related to h. When the core structure parameter
h is determined, the core width z can be obtained expediently. The
core structure parameter h can be obtained by solving the dislo-
cation equation.
Substituting the Foreman's solution Eq. (6) into the left side of
the dislocation equation Eq. (5) called shear stress s and let
p ¼ h cot(q '/2), the relation between the shear stress s and
displacement u can be established easily through the intermediate
parameter q0. By comparing the s(u) with the restoring force fb(u) in
Eq. (5), the core structure parameter h of 1/2〈110〉{110} dislocations
in MeO at different temperature is easily ﬁxed. The criterion of
comparison is both shear stress s(u) and restoring force fb(u) have
the same maximum value. The requirement is easily understood.
The core width is mainly controlled by the unstable stacking fault/2〈110〉{110} edge dislocations in MgO and CaO at different temperature.
X. Wu et al. / Computational Condensed Matter 1 (2014) 38e4444energy, the maximum shear stress has the same effect with the
unstable stacking fault energy in describing the dislocation core
structure [24]. Taking edge dislocation as an example, Fig. 7 shows
the process of solving h of MeO. In Table 4, we give all the values of
the core structure h and core width z of the 1/2〈110〉{110} dislo-
cations in MeO. It is easily found that the core structure h and the
core widths z increase monotonically with the increase of tem-
perature. They have the opposite change trend with unstable
stacking fault energy with increasing temperature. It can be
concluded that the core width decreases monotonically with un-
stable stacking fault energy of the 1/2〈110〉{110} dislocations in
MeO.
6. Conclusions
In this work, we have presented a ﬁrst-principles procedure to
calculate the temperature dependent elastic constants of MeO
combining the quasistatic approximation to elasticity and the
quasiharmonic phonon approximation to volume expansion. The
calculated elastic constants are in satisfactory agreement with the
available experimental data. Based on the temperature dependence
of elastic constants, it is found that the anisotropy of MeO increases
with temperature. Furthermore, generalized stacking fault energy
curves at different temperature are also presented. By using the
Foreman' method, the core structures of the 1/2〈110〉{110} dislo-
cations in MeO have been investigated based on the improved PeN
dislocation equation. The core width increases with temperature in
MeO.
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